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The broad applicability of in vitro storage technology to
the preservation of germplasm for agriculture, horticul-
ture, forestry, biotechnologically based industries and
the conservation of plants that are endangered forms
the basis of this contribution. In order for this technolo-
gy to be implemented it is necessary to have efficient
and reliable micropropagatory procedures for the
species under question. The development of both sets
of procedures are discussed for cassava, Eucalyptus
and two endangered indigenous Haworthia species. In
each case storage is required for different reasons and
the versatility of the in vitro storage technology in sat-
isfying the requirements is highlighted.
The storage of plant genetic resources is most easily and
economically feasible via the storage of naturally produced
seed. Flowering plants produce seed to allow for species
survival over periods of unfavourable growth conditions, e.g.
winter (which with the exception of Mediterranean climates
are generally cold and dry). The human realisation that
seeds can be stored for protracted periods (i.e. longer than
the natural period) by storing them under conditions mimick-
ing winter is probably associated with the proliferation of
agri-based civilisations. In 1973 Roberts classified seed into
two categories, the so called orthodox seeds which can be
stored under cold and dry conditions and recalcitrant seeds
which die if stored in this manner. Pammenter and Berjak
(1994) however, have pointed out that this classification is
probably too defined, there rather being a continuum of seed
storage behaviour between the two categories.
Although there are over 250 000 species of flowering
plants the development of plant-based commercial enter-
prises to meet human demands have concentrated on only
a few dozen species, in particular the carbohydrate-rich
cereal species maize, rice and wheat. The requirement for
higher yielding and more uniform stands led to the introduc-
tion of vegetative propagation of highly selected and desir-
able individuals. Indeed, this is the only way that the eco-
nomically important species that produce recalcitrant seeds
can be effectively mass propagated (Chin and Roberts
1980). In terms of germplasm conservation there are a num-
ber of problems associated with the commercial mass prop-
agation of plants. Over the centuries, crop improvement by
selection and breeding programmes has led to genetic uni-
formity and associated with this is a loss in diversity. In 1983
Wilkes exemplified this problem in reporting that in the USA
over half of the acreage of bean, cotton, pea and potato was
covered by four or less varieties. Furthermore, genetically
uniform stands are also highly susceptible to annihilation by
pests and micro-organisms (Plucknett et al. 1987).
Therefore the plants that are important in human-related
activities are generally propagated by seed or vegetative
means. The advent of plant tissue culture and its commer-
cialisation as micropropagation have expanded the methods
available for both the production and storage of plant
germplasm. The procedures associated with plant tissue
culture are basically dependent on two underlying biological
morphogenic processes, organogenesis and embryogene-
sis (George 1995). These processes can be initiated in vitro
either directly from preformed primordia (e.g. axillary buds)
or indirectly via callus. Organogenesis in vitro is essentially
the formation of the shoot and root systems whilst embryo-
genesis results in the formation of somatic embryos (George
1995). Callus is an amorphous cellular mass formed when
plant cells multiply in a disorganised manner. It is often
induced by wounding, the presence of micro-organisms or
through stress (George 1995). Callus can be initiated in vitro
by the manipulative effects of plant growth regulators on cel-
lular metabolism and the stimulation of the cell cycle. During
such initiation, cellular differentiation is reversed and the
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explant gives rise to an aggregation of loosely associated
apparently meristematic and unspecialised cell types (Finer
1994). Appropriate alterations of the composition of the
nutrient medium can cause the development of centres of
morphogenesis (this can be individual cells or nascent tis-
sues) within the callus. Differentiation from these centres
can result in the formation of organs such as roots and
shoots and somatic embryos.
Direct morphogenesis offers the advantage that no genet-
ic variation occurs during the process. Thus large numbers
of genetically identical plants can be produced and this can
be of considerable commercial value. However, because of
the intervening callus stage indirect organogenesis and
somatic embryogenesis can be affected by genetic variation
or somaclonal variation, and this can be disadvantageous in
that specific desirable characteristics may be altered. On the
other hand micropropagation via indirect morphogenesis
can result in significantly higher multiplication rates and thus
ultimately be a more efficient and economical micropropa-
gatory approach. Furthermore, callus and the early develop-
mental stages in somatic embryogenesis are ideal candi-
dates for plant genetic transformation.
Due to their economic importance the micropropagatory
procedures for most crop species are fairly well document-
ed. However, the situation is generally not the same for the
majority of the forestry species, their hybrids and clones,
and most certainly is not the case for South African indige-
nous species.
A number of the ancillary in vitro technologies offer feasible
alternatives to the storage of plant germplasm (Withers
1983). In vitro technology has the distinct advantage that a
variety of cells and organised tissues may be stored, e.g. sin-
gle cells, meristems and embryos (both zygotic and somatic).
Any storage regime must take into consideration the follow-
ing points: the reason for the storage, the required duration
of storage, the type of tissue to be stored and the end user of
the stored material. All of these points are interlinked and any
decisions that are taken need to be all encompassing.
Medium-term storage can be achieved in vitro by the
imposition of growth restriction on cultures. This can be
imposed via physical restrictions such as the lowering of
temperature or via chemical means such as the use of
growth regulators. Medium-term storage can be particularly
useful when commercial micropropagation needs to be reg-
ulated according to customer demand. Stocks of plants can
be maintained under slow growth conditions and withdrawn
and returned to active growth conditions for the production
of plants when needed (Aitken-Christie and Singh 1987).
Long-term in vitro storage is achieved by cryopreserva-
tion, which is the storage of plant tissues at temperatures
below –80°C and usually at liquid nitrogen temperature
(–196°C). Under such conditions the material is unable to
carry out normal metabolic activities and as a consequence
is free from genetic alteration. Cryopreservation is thus an
ideal method of germplasm maintenance and conservation
(Engelmann 1997). It can serve two main purposes: a) stor-
age of specific genotypes selected for their traits of interest
for use in breeding programmes, and b) storage of unidenti-
fied (unknown) genotypes for the purpose of maintaining a
wide gene pool of the species.
The development of both medium- and long-term storage
procedures requires the consideration of a large number of
variables and generally necessitates empirical experimenta-
tion. To achieve these goals it is essential to have a solid
understanding of the underlying biological processes and
how they are effected by the storage procedures. Gaining a
solid understanding of the biological processes allows for
informed decisions with respect to remedial actions to alle-
viate the effects of the storage procedures.
Water content and size of the sample are the principal fac-
tors in preparation for cryopreservation that we have been
studying. This is because these two features impact on other
important factors in the cryo-process. Water content is
important as it controls the amount of ice crystal formation
within the sample, and size regulates the rate of freezing
and thawing. Generally the smaller, and within limits, the
drier, the better. The in vitro plant materials used for cryo-
preservation experimentation are highly hydrated and are
consequently susceptible to freezing injury. The tissues,
therefore, have to be dehydrated to protect them from dam-
age caused by the formation of crystalline ice. Dehydration
of the plant tissues can be achieved by physical drying or the
use of chemical cryoprotectants and osmotica. Several
methods have been employed in our laboratories to desic-
cate plant tissues physically, including drying over activated
silica gel (Stewart et al. 2001), drying in the air flow of a lam-
inar hood (Mycock 1999), drying in stream of forced dry air
(Berjak et al. 1999) and equilibrium drying to lower relative
humidities (Groll et al. 2002a). The latter procedure has
proven most successful as it reduces variability in water con-
tent as the tissues come to equilibrium with their environ-
ment. We, and others, have also determined that both the
rate of water loss and the water content to which the mate-
rial is dried are critically important factors (e.g. Berjak et al.
1999).
It has been found that cryoprotectants are generally more
effective when used in combination rather than singly
(Mycock 1998). Certain cryoprotectants can be poisonous to
plant tissues, the extent of toxicity varying with the type and
concentration of cryoprotectant and the species (Mycock
1998). It is therefore necessary to determine the correct com-
bination and concentration for each species and if necessary,
to remove the cryoprotectant after retrieval from the frozen
state (Mycock et al. 1997a, Mycock 1999). Cryoprotectants
alone are seldom sufficient to prepare plant tissues for cryos-
torage and it is often necessary to combine their pretreat-
ment with physical dehydration.
Our research has been directed towards the development
of in vitro storage procedures for selected plant germplasm.
Two aspects have been considered: first, the development
of in vitro micropropagatory techniques for selected species
and second, the development of in vitro storage techniques
for those species; the ultimate aim being marriage between
the two sets of procedures to enable propagules produced
by the tissue culture techniques to be stored for future use.
As the storage of in vitro plant tissues is dependent on both
the availability of efficient and reliable tissue culture proto-
cols and effective storage procedures, the use of this tech-
nology is limited. The present contribution reports on some
of our successes and endeavours to highlight the broad
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applicability of in vitro storage to plant-based industries. To
emphasise this point, three divergent species have been
selected to illustrate the role of this type of storage technol-
ogy in agriculture, forestry and the conservation of endan-
gered species.
Cassava (Manihot esculenta Crantz)
Cassava is a woody perennial shrub cultivated for its starchy
tuberous roots and is one of the main energy sources for mil-
lions of people world wide (El-Sharkawy 1993). As a source
of human and animal nutrition cassava is not popular in
South Africa. However, there is renewed interest in the culti-
vation of the crop as a source of commercial starch. The
plant produces orthodox seeds but due to a high degree of
heterozygosity, low fertility, poor seed set and sterile culti-
vated seed, the crop can only be propagated and conserved
via vegetative means (Roca 1984).
One of the more important features of this crop has been
its ability to yield a crop even under marginal and adverse
growing conditions and this feature that has earned it the
name of ‘famine fighter’. Cassava will tolerate hot, dry con-
ditions and soils low in calcium, nitrogen and potassium
(Cock and Howeler 1978). However, cassava yields best
under good management in areas of fertile light soils with
between 1 000mm and 2 000mm rain per annum and a
mean temperature of 23–27°C (Roca 1984). Although cas-
sava has been described as a famine fighter, on its own it
cannot meet all of the human nutritional requirements. The
roots are deficient in protein and in the essential amino acids
and cassava-based diets must therefore be balanced with
other foods (Nweke and Lynam 1997). Another problem is
that cassava roots may be toxic and require adequate pro-
cessing before ingestion. Toxicity is related to the release of
hydrocyanic acid from the breakdown of two different types
of cyanogenic glucosides (Hughes et al. 1992, El-Sharkawy
1993). The crop is also plagued by a number of insect pests
and diseases, the most important in Africa being the African
Cassava Mosaic Virus (ACMV) that is spread by the white
fly, Bemisia tabaci (Hahn et al. 1980).
In attempts to overcome many of the problems associated
with the cultivation of cassava there have been concerted
efforts to genetically transform the species (reviewed by
Schöpke et al. 1998). However, to achieve successful genet-
ic transformation it is essential that a reliable propagatory
and regeneration procedure is available. At present there
are a range of somatic embryogenic procedures available
for the micropropagation of cassava (see for example
Raemakers et al. 1993, Taylor et al. 2001), and indeed
research on genetic transformation of the crop has driven
their development. Transformation studies are concentrating
on modification of starch biosynthesis (Munyikwa et al.
1998), on modification of cyanide metabolism (Arias-Garzon
and Sayre 2000) and on elevated viral resistance through
the expression of viral coat proteins (Taylor et al. 2001).
We have formulated a novel technique for the production
of cassava somatic embryos via indirect secondary embryo-
genesis (Groll et al. 2001, Groll et al. 2002a, Groll et al.
2002b). The technique comprises culture manipulations that
correspond with each specific stage of embryo develop-
ment, taking into account the biological processes occurring
in the tissues at each point. Although the research has
added another method to the strategies for the in vitro pro-
duction of cassava, it has clearly shown the necessity for a
solid understanding of the underlying biological processes
(e.g. the necessity for somatic embryos to undergo matura-
tion drying [Groll et al. 2002a]) so as to achieve successful
micropropagation.
We have also developed complementary cryostorage pro-
cedures for most of the stages (primary callus, primary
embryos and secondary nodular embryogenic callus) of the
indirect secondary embryogenesis protocol for cassava.
Traditionally, the sequence by which plant tissue in vitro is
prepared for cryopreservation is an initial exposure to cry-
oprotectants followed by physical drying to tissue water con-
tents that are amenable to cryostorage. Indeed, primary cal-
lus developed from in vitro cassava can be successfully
retrieved from the frozen state using this approach (Mycock
et al. 1995). However, we have found that a simple reversal
of the pretreatment procedures (physically dehydrate and
then expose to cryoprotectants) significantly improves post-
cryostorage recovery (Stewart et al. 2001). It is believed that
this improvement is due to the superior penetration of the tis-
sues by the cryoprotectants.
Like most of the cassava indirect somatic embryogenesis
procedures our protocol takes 9–12 months from initial plat-
ing to the production of hardened-off plantlets. As a conse-
quence, any commercial concern that implemented this, or
any of the other micropropagatory programmes would have
in vitro material at a range of developmental stages at any
given time. Any loss of material during production (e.g.
through contamination) or alternatively the ordering of addi-
tional material by customers would place pressure on the
production line. The storage of material at different develop-
mental stages in the protocol would relieve such pressure.
For instance, fully-developed somatic embryos could be
retrieved from storage and allowed to develop into plants to
satisfy additional orders; the concurrent withdrawal of stored
embryogenic callus would provide source material for their
replacement.
Genetic engineering studies can generate large numbers
of cultures that need to be assayed for their response to the
genetic manipulation. Such cultures require continuous
maintenance and sub-culturing and their handling can be
difficult and time consuming. Easy and reliable storage, such
as supplied by cryopreservation, would assist in the mainte-
nance of the cultures until they can be assayed.
Eucalyptus spp.
Species from the genus Eucalyptus form one of the most
important forest tree crops. The wood is used in a variety of
ways ranging from pulp and paper production to timber and
fuel-wood. Additionally, there are a number of essential oils
associated with Eucalyptus species that have applications in
the medicinal, industrial and cosmetic sectors. Eucalyptus
trees are also grown for shade, as wind- and fire-breaks and
are fast becoming favoured as ornamental plants (Turnbull
1999). As a consequence, members of the genus are culti-
vated world wide with many countries dedicating extremely
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large tracts of land to plantations. In South Africa, more than
500 000 hectares are utilised for Eucalyptus cultivation, with
E. grandis being the most commonly grown species (Pierce
and Verryn 2000).
To meet future demands, South African forestry compa-
nies have initiated progressive tree breeding programmes
incorporating a wide range of technologies, including
biotechnology. The goal of these programmes is the devel-
opment of clones with significantly shorter rotation times and
superior quality wood. Traditional breeding programmes
have a range of technologies available for the maintenance
of selected clones e.g. grafting (Durand-Creswell et al.
1982). In South Africa rooted cuttings have proven success-
ful for many Eucalyptus types and this procedure is now rou-
tinely applied in the establishment of clonal plantations. At
the micropropagation level there are a number of advan-
tages associated with organogenic procedures, e.g.
improved multiplication and growth rates, and uniformity. As
a consequence, South African forestry companies have
commissioned auxiliary tissue culture facilities for the pro-
duction of a range of Eucalyptus species and clones. The
plants produced from such facilities are not necessarily used
for the establishment of plantations but they do provide a
useful source of material for clonal hedges. Generally, the in
vitro plants are produced by the proliferation of shoots from
isolated axillary buds using semi-solid culture systems (Watt
et al. 2003a). Such systems have relatively good multiplica-
tion rates, and as is now widely appreciated, different
species, hybrids and clones have shown variable responses
to the in vitro environment. In particular, there is variation in
the rooting response. In attempts to overcome these limita-
tions and to further improve multiplication rates bioreactor
systems have been tested and implemented. The RITA®
system which combines the advantages of both solid and
liquid culture has proven most efficient and reliable
(McAlister et al. 2003).
The establishment of clonal programmes of highly select-
ed (superior) genotypes can require that material be trans-
ported long distances from the point of growth to the labora-
tories and nurseries. As a result explants taken from the
desired trees become debilitated and prone to micro-organ-
ism activity. We have established an in vitro field collection
technique that minimises such effects (Watt et al. 2003b).
Stems with three nodes are taken from the desired tree and
all leaves are removed. The stems are trimmed to 35–50mm
and sprayed with 70% ethanol and stored in glass bottles
containing dampened vermiculite. The material is transport-
ed to the laboratory in these containers and can be main-
tained as such for 48h. The addition of calcium hypochlorite
to the establishing medium was found to be beneficial in
controlling contamination (Watt et al. 2003b).
Possibly the most important reason that organogenic pro-
tocols can be reliably utilised in the mass propagation of
Eucalyptus is the fact that the procedures carry little or no
risk of induced genetic variation. The same, however, is not
true for somatic embryogenesis-based protocols particularly
methods that require transition via a callus stage (e.g.
George 1995). Over the past 40 years a substantial amount
of information has been generated on in vitro somatic
embryogenesis. In 1995, Bajaj reported that somatic
embryogenesis had been recorded in approximately 300
species but when this is placed in context it is only 0.12% of
all the flowering plants. Nevertheless, the development of
somatic embryogenesis procedures is no easy task, prima-
rily due to the fact that the complete dedifferentiation of the
starting tissues is required to trigger a completely new devel-
opmental process. Eucalyptus appears to be particularly
recalcitrant to somatic embryogenesis and as a conse-
quence micropropagation via this process has not yet been
commercialised (Watt et al. 2002a, 2002b). Research how-
ever, continues in this direction because somatic embryos
are ideal candidates for genetic transformation.
Commercial enterprises that grow Eucalyptus, or indeed
any forestry tree, utilise large tracts of land to maintain base
stocks of genotypes that are not actively involved in breed-
ing programmes but may be of use at some point in the
future. Such arborea are expensive to establish and main-
tain and, with the ever increasing demand for productive
land, increasing costs of land and water rights, are coming
under pressure for re-allocation.
The ancillary in vitro storage techniques therefore have a
complementary role in commercial micropropagation of
Eucalyptus. Medium-term storage via slow growth can assist
in the regulation of production. In this regard, in our labora-
tory successful storage for six to ten months has been
achieved for selected Eucalyptus types (Watt et al. 2000a,
Watt et al. 2000b).
Long-term storage via cryopreservation would be an ideal
method for the conservation of genotypes not actively
involved in breeding programmes. The storage of small
pieces of tissue in liquid nitrogen would greatly reduce land
usage and possibly more importantly would also minimise
genetic drift and loss of potentially-useful traits in the gene
pool. Because the forestry industry is so dependent on clon-
al plantations (of both pure species and hybrids) it is not pos-
sible to store naturally-produced seed from such trees, and
axillary bud proliferation is the method of choice for the
micropropagation of such species (Watt et al. 2003a).
Consequently, we are focussing on the development of cryo-
procedures for isolated axillary buds. The meristematic tis-
sues of an axillary bud are only one or two cell layers below
the epidermis, as a consequence of which they are easily
damaged during handling and are more readily effected by
the preparative storage procedures. To provide a measure of
protection and allow for uniform-sized structures, in vitro tis-
sues are being encapsulated in calcium alginate beads
(Watt et al. 2000a). The beads are then desiccated prior to
storage. If necessary, cryoprotectants can also be incorpo-
rated into the alginate coating. Using this approach we have
had limited success with the cryostorage of E. grandis axil-
lary buds.
Haworthia spp.
South Africa has a plethora of plant genetic resources, and
in terms of economic, medicinal and scientific importance
much of this indigenous diversity and richness is not
realised. There are organisations at all levels of South
African society from the government down, that are aware of
this wealth and who are attempting to understand, utilise
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and preserve this national heritage. Due to a myriad of fac-
tors, which are beyond the scope of this contribution, this
richness is decreasing at an alarming rate. For species that
are considered endangered a number of approaches can be
taken and these strategies can vary depending on the level
of remedial action. For instance, populations may be isolat-
ed and natural reproductive processes used to increase
numbers (in situ conservation) (e.g. Plucknett et al. 1987).
Similarly, plant numbers may be increased via human direct-
ed mass propagation e.g. tissue culture and subsequent re-
introduction into the natural environment (ex situ conserva-
tion) (e.g. Plucknett et al. 1987). Superimposed on, and
complementary to, such approaches are the possibilities
afforded by the preservation of propagules in seed stores
and genebanks (Smith et al. 2002). Unfortunately for many
South African species little is known about their eco-physiol-
ogy, seed physiology (orthodox or recalcitrant) and storage
requirements.
Haworthia spp. are sought after by local traditional healers
because of their alleged powerful healing properties as
‘muti’ plants (Hutchings 1989). Intensive utilisation combined
with reductions in their natural habitat have led to Haworthia
spp. being endowed with Endangered status (Hilton-Taylor
1996, Golding 2002). Haworthia limifolia and H. koelmanio-
rum have now been successfully mass produced in vitro via
somatic embryogenesis (Mycock et al. 1997b). That study
emphasised that even closely related species have different
requirements in culture. Haworthia limifolia required 2,4-D to
initiate embryogenesis whereas in H. koelmaniorum piclo-
ram, kinetin and ABA induced the process. The actual devel-
opmental process for the two species also differed in that H.
koelmaniorum produced embryos directly from somatic cells
in the explant without an intervening callus phase, whereas
H. limifolia had an initial direct somatic embryo formation fol-
lowed by dedifferentiation to callus followed by re-formation
(Mycock et al. 1997b). The routine production of somatic
embryos of both H. koelmaniorum and H. limifolia allowed
for the complementary research into in vitro storage proce-
dures with particular emphasis on the development of cryos-
torage procedures.
Desiccation of globular and torpedo stage embryos from
both species was achieved by their equilibration to a relative
humidity of 85%. Material dried in this manner had a water
content of 0.5g g-1 water. Approximately 50% of the globular-
stage embryos dried to this water content survived immer-
sion in liquid nitrogen whereas only 34% of the torpedo-
stage embryos recovered after retrieval from the frozen
state. The difference in survival rate is attributed to the larg-
er size of the torpedo embryos. Exposure to a cryoprotectant
solution of glycerol and sucrose (Mycock et al. 1995) did not
improve the ability of the embryos to survive cryostorage.
As it is now possible to produce Haworthia spp. via tissue
culture and to store the in vitro propagules, we can conserve
members of the genus. The possibility of production of these
species under commercial micropropagation and sale to tra-
ditional medicine practioners also exists. However, it is nec-
essary to establish if Haworthia produced in this manner is
acceptable to the user. Furthermore, the success of reintro-
duction of these species to their natural habitats has still to
be achieved.
Conclusions
Any in vitro storage procedure is dependent on the avail-
ability of efficient and reliable micropropagatory procedures
of the selected species and only once these have been
established can they be utilised in storage technology.
However, it is necessary to establish the correct parameters
for storage on an individual species basis. A thorough under-
standing of the underlying biological principles allows for
informed decisions in the establishment of such protocols. In
summary the technology associated with the storage of
plant in vitro tissues can be applied to conservation of
germplasm of endangered species; conservation and stor-
age of baseline and selected crop/forestry/horticultural
material for use in future selection trials and breeding pro-
grammes; storage of cultures at specific points in a micro-
propagatory production line; and storage of genetically engi-
neered plants and variable populations created in screening
studies for a particular selection pressure (e.g. salinity).
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